ABSTRACT
Replication of linear chromosome ends
DnA replication generally proceeds in the 5'-to-3'-direction, that is, by adding deoxynucleoside phosphates to the 3'-end of the growing polynucleotide chain. Most DnA polymerases cannot initiate synthesis of a complementary chain on a purely single-stranded template, that is, they need a free 3'-oh end to start adding nucleotides to. the reactive 3'-end is usually provided by a complementary oligonucleotide, commonly called a primer that forms a partially double-stranded region within the single-stranded template. the chain growth in DnA replication is basically a S n 2@P substitution reaction where the nucleophile (5'-phosphate group) displaces the leaving group (the pyrophosphate) on the electrophile (the 3'-hydroxyl group) (8, 69) . thus, the 5'-3' direction of synthesis ensures that the energy required to create every phosphodiester bond is provided by the energy release from the breaking down of the bond between the alpha and the beta phosphate group of the incoming nucleosidetriphosphates.
the inherent directionality of the DnA synthesis means that while the 3'-5' (leading) strand can be replicated continuously to the very end (provided that the template is undamaged and that nucleosidetriphosphates are readily available). Meanwhile, the replication of the 5'-3' (lagging) strand would be carried out discontinuously, in fragments that are synthesized in a direction opposite to the general direction of the growth of the strand and subsequently ligated to one another. eventually, on the lagging strand, the DnA polymerase would reach a point in which it cannot add any more nucleotides as the template has reached its end and the primer has nowhere to attach. therefore, this end of the template would remain single-stranded and would subsequently deteriorate with every cell division or fuse with other free DnA ends, leading to progressive loss of genetic information and/or genomic rearrangements.
Telomeres and telomerase activity
All linear genomes are plagued by the problem of the replication of the chromosome ends. therefore, conserving the full information content and the correct topological distribution of the genetic information is a primary concern in virtually all organisms higher than bacteria and Archaea (though there are bacteria with linear genomes, such as Borrelia spp., Streptomyces spp., etc.). The reports of artificial creation of linear genomes in bacterial cells whose genomes are usually circular (e. coli) were soon accompanied by reports of abnormal phenotype, specifically growth deficiencies and genome rearrangements (21, 58) . every cells division results in a loss of 50-100 bp of DnA. Unless this is compensated in some way, dividing cells would lose their genetic content at an alarming rate. Generally, the ends of linear chromosomes are protected from attrition and/ or fusion by physical means as well as by mechanisms that ensure that no coding DnA is lost during cell division, or that lost DnA is regained. this is made possible by existence of specific structures at the chromosome ends called telomeres. they can vary from relatively simple complexes of proteins and partially single-stranded DnA forming hairpin structures, e.g. the abovementioned Streptomyces and Borrelia (16, 43) , through strings of nucleotides, e.g. Gs separated by one A nucleotide (Dictyostelium) (25) , to complex ribonucleoproteid complexes possessing an enzymatic activity of their own, as it is in all higher eukaryotes (27, 65) . the ribonucleoproteid complex of the telomeres is usually collectively termed as telomerase.
the enzymatic component of telomeres protects the chromosome ends by resynthesizing the repeated DnA, thus restoring the chromosome end. to ensure this, the telomere (59) . in the higher eukaryotes the sequence of teRc is usually 5'-cUAAcc-cUAAc (26) . telomeres contain highly repetitive DnA sequences that have no coding function. in higher eukaryotes the telomeric DnA consists of tandemly repeated modules of 6 or 8 nucleotides (in mammals the repeated unit is usually ttAGGG). the length of the repeat may vary greatly, from 300-400 bp in yeast to >10 kb in man (40, 57) . therefore, even when attrition of the chromosome does occur, no coding DnA is lost.
MEASURING TELOMERE LENGTH -FROM ENDS TO MEANS
Our only friend, the end even that it is crucial to protect the chromosome's ends, telomerase activity is not a property shared by all cells. As a rule, somatic cells exhibit very low or virtually undetectable telomerase activity. in practical terms this means that they do suffer attrition of chromosome ends which, however, becomes significant only after certain number of cell cycle rounds. Beyond this critical number of cell divisions (also known as Hayflick's limit) the cell would not divide any more, but, after a period of time, would enter senescence and eventually die. Normal human cells reach Hayflick's limit after about 52 cell divisions (17, 18) . cultured cells from patients with progeroid syndromes such as Werner and hutchinson-Gilford syndrome have unusually short telomeres and usually survive for about 20-30 cell divisions only (9, 20, 70) .
Detectable levels of telomerase activity are usually observed only in cells with high proliferative potential, such as embryonic cells, stem cells, or, in some cases, tumour cells. not all stem cells possess telomerase activity though. For an example, it has not been identified so far in human mesenchymal stem cells as well as in pancreatic and neural stem cells (47, 71, 76) .
Somatic cells usually exhibit no telomerase activity, but certain types of cells in the adult organism do maintain their telomere length for physiological reasons. Such are, for example, the germ-producing cells in the ovaries and the testes (37) . Also, the telomeres of memory B-and t-cells are longer than the telomeres of their 'naïve' counterparts. the latter are precursors of the former, therefore, the expectation would be that the telomeres of 'naïve' B-and t-cells would be longer (45, 53) and their progeny would have experienced telomere shortening, not vice versa. the phenomenon could be explained by the need of the immune memory cells to maintain their replicative capacity so as to ensure that a secondary immune response could be quickly mounted even a long time after the initial encounter with the antigen. Apart form the rare exceptions, telomerase activity of somatic cells is under natural limitations and deviations in any direction are usually associated with disease. inherited defects diminishing or altogether abolishing the teRc or teRt activity are linked to severe human disease such as idiopathic aplastic anaemia, dyskeratosis congenita, idiopathic pulmonary fibrosis and cri-du-chat syndrome (2, 7, 66, 68, 74) . All these except cri-du-chat syndrome are characterized by cancer proneness, most probably resulting from genomic rearrangements due to generation of reactive chromosome ends (46, 56) . Some tumour cells exhibit increased telomerase activity which correlates with their potential for proliferation (30, 31, 39) . in other cancers, such as colorectal or prostate cancers, telomeres in tumour cells are shorter than in normal cells of the same tissue, leading to increased degree of chromosome instability and further cancerous growth (34, 54, 55) .
Decrease in telomere length is invariably associated with accelerated cellular senescence; therefore, analysis of telomere length may aid the clinician in assessing the scope of the damage in age-associated diseases as well as in chronic conditions. telomere attrition seems to be a common pathogenetic mechanism in a broad spectrum of pathological conditions in man, from autoimmunity to chronic lung, liver, kidney and heart disease (10, 14, 15, 19, 49) . it has been shown that some infectious agents may cause accelerated telomere attrition in the host (33) and that childhood adversities, acute or chronic stress and even seemingly unrelated factors such as employment status may reflect on telomere length (23, 35, 38, 51) . twin studies show so far that average telomere length is heritable and that there is a pronounced positive paternal age effect on the telomere length in the offspring (22, 67) . telomere length and levels of telomerase activity may prove to be a valuable marker for undifferentiated state of cells (11, 32, 63) and/or their capacity for differentiation into different cell types (44, 60) .
it was recently demonstrated that telomere length in peripheral leukocytes of adult individuals may oscillate, that is, may experience elongation as well as attrition during life, depending on internal as well as external factors such as immunological status, presence of oxidative stress, smoking, etc. (3, 64) . Again, it comes to show that telomere length has the potential to become an important marker in routine health checkups as well as in clinical assessment of manifest disease.
Methods for measurement of telomere length

Method is much, technique is much, but inspiration is even more. Benjamin Cardozo (1870-1938)
Basically, almost all types of methods of measuring telomere length are based on quantification of the average number of the copies of the repeated unit of the telomere DnA as per diploid cell in the G 0 /G 1 phase of the cell cycle (so as to avoid interference from dividing cells which, of course, would have roughly twice the number of copies of the telomere repeat per cell). the result from the measurement is comprised of the averaged lengths of the telomeres of the tested cell population and may be biased in the one or the other direction depending on the distribution of cell types and the proportions of cells with different telomere lengths in the tested sample. therefore, the more homogenous is the cell population, the more reliable the results of telomere length measurement would be. there are methods -or, rather, a single method -to determine the length of a single telomere, but, for a variety of reasons, it is rarely used (see below).
Southern hybridisation
Historically first among the methods to determine telomere length, Southern hybridisation (also know as mean terminal restriction fragment (MRF) method) is still the gold standard in the field (1) . It has some incontestable advantages over newer methods, such as simplicity in setting up and carrying out, relatively low price of the reagents, and the fact that Southern hybridisation is a staple technique in almost every molecular biology laboratory so that specific training is rarely needed. There is no need for specifically designated equipment as well. this method for measuring telomere length places requirements, however, on the quality as well as the quantity of DnA. Usually, the genomic DnA used for Southern hybridisation must be well within the 80-120 kb range so as to minimize the amount of small-sized DnA fragments generated by random shearing during extraction and handling of DnA, as these fragments, some of which would undoubtedly be complementary to the probe, could potentially generate high background which would consume the signal from the probe as well as interfere in the analysis of the final image. In the case of telomere length measurement, as the length of the fragments expected to hybridise with the probe rarely exceed 10-15 kb, the requirements to DnA quality are somewhat relaxed but in any case DnA extracted by conventional methods for rapid extraction (which usually include vigorous shaking, shearing, etc.) would not be suitable. Also, there is the question of quantity of DnA in a tested sample, which directly translates into the number of cells needed for analysis. A conventional Southern hybridisation would make use of 2-10 µg DnA, which could be extracted from no less than 10 6 cells. certainly, in routine measurements of telomere length in peripheral leukocytes this presents no significant problem, but still, collecting enough DnA-containing material for carrying out Southern hybridisation might be problematic with other types of samples such as punch biopsies yielding low number of cells -for example, in cases where there is hypocellularity of the biopsied tissues (e.g. aplastic anaemia). Finally, the Southern hybridisation assay usually takes 3-5 days to complete.
there is virtually no limit to the possibilities for use of labels for Southern hybridisation probes in telomere length determination, though the most popularly used are those against which there are commercially available antibodies (biotin, digoxigenin). Detection is carried out in routine fashion, using chromogenic substrates yielding colour product upon enzymatic hydrolysis (nitro blue tetrazolium chloride/5-bromo-4-chloro-3-indolyl phosphate mixture) or chemiluminiscence resulting from enzymatic oxidation of dioxetane or aminophthalhydrazide compounds by peroxidase (40, 41, 72) . Visualized images of the electrophoretic profiles of the samples are subdivided into segments corresponding to fragments with certain length and subjected to densitometry. the average telomere length (Atl) is calculated using the following equation:
, where OD i is optical density of the i th fragment, OD mean is the optical density of the background, i is the number of the segments where signal is detectable and L i is the length of the i th fragment [kb] as determined by reference to a molecular weight marker ran simultaneously with the analysed samples. the inclusion of the latter parameter takes into account that when telomeres of the cells in the analysed sample are larger, it means that a larger amount of the labeled probe is hybridised to the DNA, intensifying the signal. Unless the influence of fragment length is compensated for, the reliability of the end results may be compromised, as in the test population of cells there might be only a minority of cells with longer telomeres but since the signal they emit is more intense, the contribution of the majority of the cells which have shorter telomeres and thereby are responsible for hybridisation of a smaller amount of the labeled probe may be underestimated.
Flow cytometry/Flow FISH
this method for determination of telomere length is recently gaining in popularity because of its versatility, relative rapidity and the opportunity to process samples which contain a limited number of cells. Major limiting factors are the requirement for designated equipment to carry out the analysis (which is expensive), the configuration of this equipment and the nature of the probe used for hybridisation. there is also need for extensive training of the personnel involved. in its bare-bones version, the method is based on hybridisation of telomeric DNA of fixed and permeabilised sample cells with a fluorescently labeled probe -usually, a peptide-nucleotide probe (PnA) with sequence complementary to the repeated unit of the telomere DnA (36) . PnA is a synthetic polymer which contains the nitrogen bases characteristic of DnA (adenine, guanine, thymine and cytosine) but, unlike DnA, the backbone of PnA consists of n-(2-aminoethyl)-glycine units linked by peptide bonds (48) . the nitrogen bases are linked to the backbone by methylene carbonyl bonds instead of n-glycoside bonds. the Watsoncrick pairing between PnA and nucleic acids is unimpaired, but as there is no electrostatic repulsion because of the lack of phosphate groups on the PnA, the tm of the PnA-DnA hybrid is higher than of DnA-DnA hybrid (24, 42) , allowing for stringent hybridisation conditions. Usually, the probe is labeled with dyes which are excited in the 'blue' visible light range (440-490 nm) as most flow cytometers are equipped with a blue laser, at the very least. Most often, fluoresceine isothiocyanate (FITC) is used as a label. other possibilities may be acridine orange or, for example, some types of rhodamine (e.g. rhodamine 5GlD) but these are much rather the exception than the rule, as the dye must survive in quite harsh reaction conditions. If the flow cytometer is equipped with a red laser, fluorescent labels with excitation peaks in the red visible range such as cy7 could be used to label the PnA probe.
to control for phase of cell cycle, the cellular DnA is stained with dyes which bind to DnA in a quantitative fashion -e.g. propidium iodide (Pi) or 4,6-diamidino-phenylindole (DAPi). the latter is easier to use, as, like Pi, it binds to RnA as well, but the emission spectrum of DAPi-stained DnA is shifted away from the RnA-DAPi peak. thus, use of DAPi as a DnA stain does not call for Rnase treatment of the sample as the interference would be practically negligible. A disadvantage of DAPi staining is that it is excited by UV light, therefore calling for availability of an UV laser and the corresponding detector array as well. DnA staining allows for distinguishing the cell populations that are in the G0/G1 phase of the cell cycle (so as to measure telomere length only in replicatively quiescent cells which would have a fixed telomere DNA copies/genome equivalent ratio) and for the calculation of the so-called DnA index, which is an estimate of the proportion of cells in the sample that are in G0/G1 phase compared to control cells.
Briefly, in the analytical phase, G0/G1 cell populations are specifically gated and the intensity of the fluorescent signal is measured in correlation to the number of genomic equivalents in the sample (that is, the number of cells with non-dividing diploid genomes). The more intense the fluorescent signal is, the higher the rate of hybridisation of the fluorescent probe and, therefore, the higher the copy number of the telomere repeated units in the sample. The fluorescence of the tested stained sample ('st') is compared to the fluorescence of a control sample with known telomere length. Background fluorescence is accounted for by measuring the fluorescence of an unstained ('unst') sample of the sample cells and the control cells. 'Stained' and 'unstained' samples as well as test samples and control samples are processed in parallel so as to avoid fluctuations between experiments. Finally, the average telomere length (Atl) is calculated using the following equation:
in unsynchronized cell populations (as almost all native eukaryotic cell populations are), the average telomere length is constituted by the relative contribution of the telomere length of the separate cells. therefore, the reliability of the result would be strongly dependent on the heterogeneity of the cell population. The method of flow cytometry coupled with in situ hybridisation with fluorescently labeled probes, popularly termed Flow FISH (4, 5) allow for selection of specific cell populations by means of preliminary cell selection or sorting for cells which exhibit the desired properties (e.g. cell type, presence of a specific surface marker, or any other feature that the experimenter may select or sort for). For example, different leukocyte populations in the same blood sample may have different telomere lengths and the relative amount of the different cell types may influence the end result. Moreover, this difference may have diagnostic or prognostic meaning. the difference between telomere lengths of granulocytes and lymphocytes in the same blood sample has been shown to reflect the degree of impairment of hematopoietic progenitor cells in certain patient groups (61, 62) . this opportunity to assess the contribution of different fractions in a heterogeneous cell population is very valuable and, at the moment, constitutes a unique quality of Flow FiSh assay for measuring telomere length.
All in all, determination of telomere length by flow cytometry or Flow FiSh is a highly accurate and relatively rapid method (may be completed within 2-3 working days) which allows adjustment according to the experimenter's needs and requires relatively small number of cells (≈10 3 -10 4 ). Multiple pipetting, transferring and washing steps may be automated which could speed up the performance further and increase the accuracy and safety of liquid handling (as intercalating DnA stains are considered a powerful DnA damaging agent, that is, a potential carcinogen (75).
Quantitative PCR for measuring telomere length
quantitative PcR (qPcR) monitors the increase in the amount of a double-stranded amplification product during a PCR reaction as measured by the increase of fluorescence using a standard curve. there are numerous variations of this technique but generally it includes primers labeled both with a fluorescent dye and a quencher, designed specifically so that when the primer is not engaged in a reaction generating double-stranded DNA product its fluorescence is quenched, while generation of PCR product causes significant net increase in fluorescence which could be quantified. Intercalating dyes such as SYBR Green have also been successfully used in qPcR.
Among the most popular techniques for measuring telomere length by means of qPcR is cawthon's method (Telomere/Single Copy Gene ratio, T/S method) (12) . Briefly, this technique measures the factor by which the ratio of telomere repeat copy number to single-gene copy number differs between a tested sample and a control sample. the t/S method is based on analysis of the kinetics of the amplification of a telomere fragment and a single-copy gene fragment, generating a telomere/single-copy gene (t/S) ratio. the test sample is then compared to a control sample with known telomere length (usually with long telomeres, but a control for short telomeres might be included as well). the quantity of telomere repeats in the tested sample is calculated using the level of dilution of the control DnA that would make the number of cycles of PcR needed to generate a given amount of telomere PcR product from the tested sample equivalent to the number of cycles needed to generate the same amount of telomere product from the control sample. the single-copy gene used to standardize the assay is usually a housekeeping cellular gene, amplified in the same run as the telomere fragment. The amplification of the telomere fragment and the single-copy gene fragment may be carried out in a single tube and even using the same intercalating dye (13) relying on the differential reaction kinetics for the two amplicons.
other varieties of the qPcR method for measuring telomere length use internal oligomer standards with known number of telomere repeats so as to avoid relative quantification by comparison with a control sample (50) .
quantitative PcR is often used for assessment of telomere length as it requires relatively small amounts of PcR-grade DnA and may easily be carried out in high-throughput format. Also, it is very rapid, allowing the extraction of DnA and the analysis to be completed within a single working day. it is sensitive to changes in the amount of template, however, and t/S ratios may be drastically different between normal and cancerous cells. PcR is a very sensitive assay, therefore the qPcR method for determination of telomere length carries an inherent danger of cross-contamination between samples which may produce erroneous or false results. Also, qPcR requires designated equipment and software (qPcR stations), some personnel training, calibration media for generating standard curves and validation of the equipment, and specifically labeled primers, which may be expensive.
Assessing telomerase activity through PCR -TRAP analysis
The TRAP (Telomeric Repeat Amplification Protocol) assay (29, 37) uses the telomerase activity present in the sample to elongate a specifically designed oligonucleotide by adding telomere repeats onto its 3'-end. Subsequently, the resulting extension products are amplified in vitro using a second fluorescently labeled primer.
tRAP is perhaps the most demanding of all routine telomerase activity/telomere length assays in terms of quality of the sample to be tested as it requires preserved telomerase activity in the sample. therefore, the processing of the cell samples requires designated reagents and techniques. the amplification step may be carried out in real-time PCR station or a conventional PcR thermocycler but in the latter case the data collection requires use of spectrofluorometers or fluorescence plate readers (e.g. eliSA-type readers) which are not always available in all laboratories. Using quantitative PcR as a method for amplification in TRAP assays requires designated real-time PcR equipment and use of primers containing a quencher molecule as well so as to be able to follow the increase of the fluorescence as a PCR product is generated. there is a simpler and less expensive version of tRAP though, in which intercalating dyes such as SYBR green or ethidium bromide are used to stain the amplification products during the process of in vitro amplification or after it has been completed. in the latter case the results are obtained and processed by densitometry or fluorimetry of the resulting images. Separation of the amplification products in polyacrylamide gels followed by silver staining and densitometry has been also used in the earlier versions of the tRAP assay (52) . As all PcR-based methods, tRAP assay is liable to cross-contamination.
Single Telomere Length Analysis (STELA)
this is a somewhat exotic assay based on ligation of a linker complementary to telomeric repeats to the DnA extracted from the analysed samples followed by in vitro amplification using primers specific for the linker and chromosomespecific primers for the subtelomeric regions, and subsequent Southern hybridisation with probes representative for the subtelomeric regions (6, 28) . Unlike other methods, StelA allows measurement of the length of individual telomeres of different chromosomes. Another advantage to this method is that does not bias the assay against very short telomere length, unlike, for and example, the Southern hybridisation assay which might be influenced by presence of a minority sub-population of cells with long telomeres in a sample with very short telomere length. Disadvantages are numerous -the analysis requires high-quality DnA samples, the tested cells need to be counted so as to determine the number of genome equivalents per reaction and enrichment of the cell populations for the desired cells may be needed which may require cell sorting equipment. Also, sample processing may take the good part of a whole working week or more; therefore this is not a test of first choice when effectiveness and speed of analysis are important. StelA has proved useful in particular cases, such as some cancer cells with extremely short telomeres (73), but not as a general method for telomere length analysis.
Some methods are better than others, Section Leader
All methods for measuring telomere length listed above have their advantages and disadvantages and may be methods of choice for different experimental situations, with the exception of StelA, perhaps, which seems to have its on value with regard to inventiveness but in terms of rapidity, equipment requirements and simplicity of procedure still concedes to other methods, except for rare cases. Methods based on quantitative PcR have the advantage of being rapid, high-throughput and largely independent from the quality and the amount of the starting material but are dependent on designated equipment and consumables and prone to cross-contamination. tRAP assays require specific sample processing, may require extra equipment and may not work well with pretreated (e.g. fixed) cells.
At the moment, Flow FiSh seems to be the uncontested champion among the methods for measuring telomere length as it requires less starting material and the reagents and consumables may be either home-made or purchased ready-touse. Also, automation of the most time-and labour-consuming procedures is possible, the results are generated relatively rapidly and the calculations related to raw data interpretation are largely automated. Some flow cytometry/cell sorter stations even have designated software for determination of telomere length but even in those that do not have it, the inbuilt software for cell cycle analysis may be used to facilitate data processing.
the advantages of the Southern hybridisation assay for telomere length are largely related to its routine and simplicity and, last but not least, the reduced costs for materials, consumables and specific equipment. These two methods seem provide the highest opportunity for tweaking the assay to the experimenter's particular requirements and seem to be the go-to techniques for measuring telomere length at the present moment.
